Cytochrome c 5 of pressure-sensitive Shewanella livingstonensis (SL cytc 5 ) exhibits lower thermal stability than a highly homologous counterpart of pressuretolerant Shewanella violacea. This stability difference is due to an enthalpic effect that can be attributed to the amino acid residue at position 50 (Leu or Lys). These cytc 5 proteins are appropriate materials for understanding the protein stability mechanism.
The genus Shewanella is distributed worldwide in deep to shallow ocean levels.
1) It possesses a highly homologous monomer protein, cytochrome c 5 (cytc 5 ), exhibiting more than 70% sequence identity. Previously we examined the thermal stability of pressure-tolerant S. violacea cytc 5 (SV cytc 5 ).
2) This bacterium was isolated from deep-sea sediments, exhibiting optimal growth pressure at 30 MPa and optimal temperature at 8 C.
In this study we subjected pressure-sensitive S. livingstonensis cytc 5 (SL cytc 5 ) to comparative analysis as to protein stability. To begin with, based on the genome sequence of S. livingstonesis (T. Kurihara et al., unpublished results), we designed PCR primers to amplify the gene encoding SL cytc 5 , using the chromosomal DNA as template. The mature protein sequence of SL cytc 5 (DDBJ accession no. AB622127) exhibits 76% identity to that of SV cytc 5 (Fig. 1) . Since S. livingstonensis, isolated from shallow Antarctic seawater, 3) grows well from 4 to 20 C and its optimal growth pressure is 0.1 MPa, the highly homologous SL cytc 5 and SV cytc 5 proteins are derived from similarly coldadapted Shewanella species, which differ in optimal growth pressure.
The recombinant SL cytc 5 protein heterologously expressed in Escherichia coli, which is used for the present thermal stability analysis, was obtained. The original signal sequence of SL cytc 5 was replaced with that of Pseudomonas aeruginosa cytochrome c 551 to target the apoprotein to the E. coli periplasm by the PCR method as described previously.
2) The recombinant SL cytc 5 protein was overexpressed in E. coli JCB387 cells with co-transformed pEC86 carrying the ccmABCDEFGH genes and was then purified from periplasmic extracts, as described previously. 2) With an automatic peptide sequencer Procise 492HT (Applied Biosystems, California, USA), the N-terminal amino acid sequence of recombinant SL cytc 5 was determined to be Gln-Glu-Gly-Glu-Ala. This is identical to the putative sequence for the mature protein (Fig. 1) . The visible absorption and far-UV circular dichroism spectra of the recombinant SL cytc 5 protein showed features entirely identical with those of the authentic and recombinant SV cytc 5 proteins.
2) These results suggest that the recombinant SL cytc 5 protein is correctly formed in the E. coli periplasm.
Thermal denaturation experiments were performed by differential scanning calorimetry (DSC). The air-oxidized SL cytc 5 protein solution was dialyzed extensively against 50 mM sodium acetate buffer (pH 4.0 and 3.6) before measurement. Under these pH conditions, thermal denaturation of SL cytc 5 was observed in a reversible manner, equilibrium thermodynamic parameters, thus determined, as observed previously for the SV cytc 5 protein. 4) Hence these pHs were used to measure thermal stability. A degassed protein solution (0.5 mg mL À1 ) was loaded into a calorimeter cell and heated from 10 to 120 C at about 0.19 MPa at a heating rate of 1 C min À1 with a calorimeter VP-DSC (Microcal, Piscataway, NJ). Buffer-buffer base-lines were recorded at the same heating rate and then subtracted from the sample curves to obtain heat capacity (C p ) curves (Fig. 2) . After fitting of the data from at least three independent measurements with MATHEMATICA 7.0, the transition temperature during thermal denaturation (T m ) and the thermodynamic y To whom correspondence should be addressed. Fax: +81-824-24-7924; E-mail: sambongi@hiroshima-u.ac.jp Abbreviations: cytc 5 , cytochrome c 5 ; DSC, differential scanning calorimetry; SL cytc 5 , Shewanella livingstonensis cytc 5 ; SVcytc 5 , Shewanella violacea cytc 5 parameters (free energy change ÁG, enthalpy change ÁH, and entropy change ÁS) at given temperatures were calculated, as described previously. 4, 5) These calculations facilitated comparisons of thermodynamic protein stability.
The T m value of SL cytc 5 was 72:6 AE 0:3 C at pH 4.0 and 69:1 AE 0:9 C at pH 3.6, smaller than the corresponding values of SV cytc 5 (84:5 AE 0:0 C at pH 4.0 and 80:1 AE 0:0 C at pH 3.6), 4) indicating that SL cytc 5 protein has less stability than SV cytc 5 . At the T m of SV cytc 5 , the ÁG values of the SL cytc 5 protein were À9:93 AE 0:36 and À8:81 AE 0:87 kJ mol À1 at pH 4.0 and 3.6 respectively. Since the T m value is defined to be equivalent to the temperature at which ÁG becomes zero, the ÁG values at the T m of SV cytc 5 were zero for the SV cytc 5 5 , is due to the enthalpic effect at the two pH values.
Molecular simulation applying the three-dimensional structure of Shewanella oneidensis cytochrome c 5 (original bacterial name, Shewanella putrefaciens; protein name, ScyA) 6) provides an explanation of the mechanism of thermal stability. For example, Lys-50 in the SV cytc 5 protein appears to be a candidate residue enthalpically responsible for the fact that it shows higher stability than SL cytc 5 , in which Leu-50 is the corresponding residue. The simulation revealed that the Lys-50 residue can form an ion pair with a heme propionic group, while Leu-50 cannot (Fig. 3) .
In general, thermally stable proteins are also stable as to hydrostatic pressure, 7) indicating that the stabilization mechanism as to temperature and pressure is had in common. Protein stability as to hydrostatic pressure has Heat capacity (C p ) is shown as a function of temperature. Symbols, triangles and circles, represent raw data obtained at pH 3.6 and pH 4.0 respectively, with 2 C intervals during thermal denaturation. Gray and black lines represent fitting curves for denaturation at pH 3.6 and pH 4.0 respectively. Identical amino acid residues as between the two proteins are indicated by dashes. The amino acid numbers are shown above the sequence of SL cytc 5 .
Lys-50
Leu-50 been examined using other proteins of the genus Shewanella. For example, a comparative study was carried out on dihydrofolate reductases. It revealed no correlation between protein stability and optimal growth pressure of the source bacteria. 8) Other examples are multi-subunit enzymes, for which the explanation of the stabilizing mechanism is complex, because two aspects, inter-and intra-molecular interactions, must be considered. 9, 10) In these respects, this series of cytc 5 proteins derived from the pressure-sensitive and pressure-tolerant Shewanella species is an appropriate material in attempts to understand the protein stability mechanism as to hydrostatic pressure within a monomer protein.
